-exonuclease participates in DNA recombination and repair. It binds a free end of double-stranded DNA and degrades one strand in the 5 to 3 direction. The primary sequence does not appear to be related to any other protein, but the crystal structure shows part of -exonuclease to be similar to the type II restriction endonucleases PvuII and EcoRV. There is also a weaker correspondence with EcoRI, BamHI, and Cfr10I. The structure comparisons not only suggest that these enzymes all share a similar catalytic mechanism and a common structural ancestor but also provide strong evidence that the toroidal structure of -exonuclease encircles its DNA substrate during hydrolysis.
DNA exonucleases are essential for DNA replication, recombination, and repair (1) . -Exonuclease is a processive 5Ј-3Ј single-stranded DNA exonuclease that requires Mg 2ϩ as a cofactor (2) (3) (4) . The protein is encoded by bacteriophage and functions in recombination and repair of the viral chromosome (5) (6) (7) (8) (9) (10) . When a double-stranded break occurs, one of the first steps taken to repair the damage is the formation of long 3Ј single-stranded overhangs. These are created by the action of -exonuclease and then are processed by other proteins such as RecA to give a recombinant DNA molecule (11) .
The crystal structure of -exonuclease shows the protein to be a homotrimer with a large, tapered channel that runs parallel to the threefold axis of symmetry (12) . The channel appears large enough to accommodate the DNA substrate, providing a structural rationale for the processivity of the protein (12) . The overall fold of -exonuclease is not similar to any other protein in the protein database. There is, however, a subdomain of the protein that structurally corresponds to parts of the type II restriction endonucleases PvuII and EcoRV (12) .
Type II restriction endonucleases are dimeric Mg 2ϩ -dependent enzymes that recognize and cut a specific 4-to 8-bp palindromic DNA sequence (13, 14) . In conjunction with a methylase that recognizes the same DNA sequence, these two proteins make up a bacterial Restriction Modification System that is thought to protect the bacterium from foreign DNA, such as invading viral DNA. To date, there are crystal structures of five type II restriction endonucleases: PvuII and EcoRV, which cleave DNA to give blunt ends, and EcoRI, BamHI, and Cfr10I, which cut DNA to give recessed ends (15) (16) (17) (18) (19) (20) . There is very little homology at the primary sequence level between restriction endonucleases. However, as pointed out by Venclovas et al. (21) , at the structural level these five enzymes share a common motif consisting of five ␤-strands sandwiched between two ␣-helices. The blunt-end cutters EcoRV and PvuII are more similar to each other than to the recessed-end cutters EcoRI, BamHI, and Cfr10I (15, 20) .
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FIG. 2.
Schematic representations of the topology of the secondary structure for -exonuclease (a), PvuII (b), and EcoRV (c).
Regions that structurally correspond in all three proteins are shaded in gray. Regions of structural similarity between PvuII and EcoRV that are not seen in -exonuclease are shaded in dark gray. b and c are modified from refs. 15-17. Regions of secondary structure for -exonuclease were determined by using the program DSSP (29) . Structurally corresponding active site residues also are identified. Each of the proteins listed was compared with -exonuclease using the Dali database server (22) . The table gives the number of equivalent residues, the rms deviation, and the number of structurally equivalent residues that are chemically identical in the pairwise comparison of -exonuclease with each enzyme. The segments of structure that correspond are identified, with the residues from -exonuclease given first, followed by the structurally equivalent residues in the restriction enzyme. In addition to the overall regions of similarity, the server identified residues 154-157 in -exonuclease and residues 80-83 in PvuII and residues 153-156 in -exonuclease and residues 106-109 in EcoRV as equivalent. However, by visual inspection, it was clear that these short segments are not part of the overall correspondence, and they therefore were deleted from the analysis. Similar short segments were identified by Dali in the pairwise comparison of -exonuclease with EcoRI, BamHI, and Cfr10I and also were omitted. (22) and is illustrated in Fig. 1 . There are 78 equivalent C ␣ positions in PvuII and -exonuclease with a rms deviation of 2.7 Å. Twelve of the structurally equivalent residues are chemically identical (Table 1) . Similarly, Dali identified 90 equivalent C ␣ positions in EcoRV and -exonuclease with an rms deviation of 4.5 Å. Ten of the 94 residues are identical.
The region of homology among exonuclease, EcoRV, and PvuII consists of five ␤-strands and two ␣-helices (Figs. 1-3) . The region of correspondence begins with helix ␣E and strands ␤a, ␤d, and ␤e in -exonuclease. These are homologous to helix ␣B and strands ␤a, ␤b, and ␤c in PvuII and to helix ␣B and strands ␤c, ␤d, and ␤e in EcoRV. There is then an interruption in the structural correspondence between -exonuclease and both EcoRV and PvuII. The similarity begins again with strands of ␤f, ␤g, and helix ␣H. These regions are similar to ␤e, ␤f, and ␣D in PvuII and ␤g, ␤h, and ␣D in EcoRV.
Helix ␣B in PvuII and EcoRV (shaded orange in Fig. 1 ) forms parts of the dimer interface of these two proteins. However, the homologous helix in -exonuclease, ␣E, is located on the ''back'' of the protein (Fig. 1) and does not participate in any monomer-monomer contacts. The interface between monomers in -exonuclease is formed by helix ␣F and a loop region (residues 175-184) between strands ␤f and ␤g. Because of its homology to helix ␣B in PvuII and EcoRV and its relatively exposed location, we speculate that helix ␣E in -exonuclease may be involved in other protein-protein interactions. In particular, in vitro data suggest that -exonuclease forms a complex with another bacteriophage -encoded protein termed ''␤'' that also is involved in phage recombination (4) . We suggest that the interface formed between the two proteins might include helix ␣E of -exonuclease.
It previously has been noted that, notwithstanding the similarity in the region of their active sites, the dimerization domains of PvuII and EcoRV differ substantially (16) . As shown in Fig. 1 , the present comparisons expand and extend this pattern of behavior. Not only are different regions of -exonuclease used to make the subunit-subunit interfaces but the character of these interfaces changes from ''face-to-face'' dimerization in the restriction enzyme to ''head-to-tail'' association in the -exonuclease trimer.
Relationships with EcoRI, BamHI, and Cfr10I. -exonuclease is a more distant structural relative to the recessed-end cutters EcoRI, BamHI, and Cfr10I than it is to EcoRV and PvuII. These type II restriction endonucleases were not identified as structural homologues by the Dali database search. They do, however, share the motif of five ␤-strands flanked by two ␣-helices that is common to -exonuclease, PvuII, and EcoRV. The Dali server (22) was used again to compare -exonuclease with EcoRI, BamHI, and Cfr10I (Table 1) . In distinction to all the other comparisons, Dali identified helix ␣G of -exonuclease as corresponding to helix ␣7 of Cfr10I and helix ␣4 of BamHI. The correspondence between ␣G in -exonuclease and ␣4 in BamHI, however, is much less compelling than that of ␣G in -exonuclease with ␣7 in Cfr10I. Bozic et al. (20) have speculated that the helix ␣7 in Cfr10I may be involved in interactions with the DNA. This argument is based in part on the structural correspondence to helix ␣4 of EcoRI. Helix ␣4 of EcoRI does not, however, correspond structurally with helix ␣G of -exonuclease. Whether this helix in -exonuclease is important for protein-DNA interaction is not known.
Correspondence of Active Site Residues. Based on the above structural similarity, the residues Asp-119, Glu-129, and Lys-131 in the active site of -exonuclease can be identified as corresponding, respectively, to Asp-74, Asp-90, and Lys-92 in EcoRV and to Asp-58, Glu-68, and Lys-70 in PvuII. There are also analogous active-site residues for EcoRI, BamHI, and Cfr10I (Table 1) . By using the program EDPDB (23), we made a comparison by overlaying all of the atoms of residues Asp-119, Glu-129, and Lys-131 in -exonuclease with all of the atoms in residues Asp-58, Glu-68, and Lys-70 in PvuII. A related comparison was made with Asp-74, Asp-90, and Lys-92 in EcoRV (Fig. 4A) . To compare Glu-129 in -exonuclease with Asp-90 in EcoRV, the C␥ atom of Glu-129 was excluded. The rms discrepancy for the 26 atoms involved was 0.95 Å for PvuII and 1.17 Å for EcoRV.
It has been shown for all six proteins that two of the acidic active site residues form a binding site for the catalytically essential magnesium ion (12, (15) (16) (17) (18) (19) (20) . In the co-crystal structure of EcoRV bound to its specific DNA sequence, under some conditions, a second metal binding site is formed by Asp-90 and Glu-45 (24) . In -exonuclease, there is a glutamic acid (Glu-85) that structurally corresponds to Glu-45 of EcoRV. Whether a second magnesium binding site is formed and, if so, whether it participates in catalysis remain uncertain. In general terms, however, the correspondence between the active sites strongly suggests that the mechanism of catalysis of -exonuclease is very similar to those of PvuII and EcoRV.
Implications for the Mechanism of Action of -Exonuclease. Several aspects of the present work have specific implications for the mechanism of action of -exonuclease. First, the structure comparisons confirm the presumed location of the active site (12) and show it to be on the inside of the toroidal trimer. Second, the comparisons are consistent with the presumed alignment of the hydrolyzed DNA strand. Fig. 4A includes the central dinucleotide (TA) from the EcoRV:DNA complex aligned within the active site of -exonuclease, based on the structural similarity of the two proteins. The location and mode of binding are as expected for cleavage by -exonuclease in the 5Ј to 3Ј direction. Extending this result, we took the entire DNA decamer as seen in complex with EcoRV (17), trimmed part of one strand so as to correspond to the substrate for -exonuclease, and used the structural alignment between EcoRV and -exonuclease to place this segment of DNA on the structure of -exonuclease. In this superposition (Fig. 4B) , the double-strand part of the DNA is located within the wider end of the channel that passes through the -exonuclease toroid and the single-strand end of the DNA is located within the narrow end of the channel. This alignment of the DNA, determined by superposition of corresponding structural elements of -exonuclease and EcoRV, is very similar to that suggested by consideration of the -exonuclease structure alone (12) . It provides independent support for the idea that the -exonuclease toroid encircles its DNA substrate during hydrolysis.
The structural homology between -exonuclease and the type II restriction endonucleases PvuII, EcoRV, EcoRI, BamHI, and Cfr10I also suggests that each of these proteins diverged from a common structural ancestor. Recently, Ban and Yang (25) showed that the similarity between PvuII and EcoRV extends to include the restriction enzyme FokI and the monomeric sequence-specific endonuclease MutH. It is ironic that the type II restriction endonucleases, which protect bacteria by hydrolyzing invading viral DNA, and an exonuclease that is involved in recombination and repair of the same phage DNA, both appear to have evolved from a common structural ancestor.
